The repeated amino-acid sequences in human dopamine ␤-hydroxylase (DBH) may be indispensable for DBH activity, because such repetitions cannot be simply attributed to random chance. The amino acid sequence of human DBH was analysed according to two-, three-, four-and five-amino-acid sequences and their probabilities in human DBH were calculated. The first, second, third and fourth order Markov chain was used to calculate the transition probability for two-, three-, four-and five-amino-acid sequences. The longest repeated sequence is glycine-isoleucine-leucine-glutamic acid-glutamic acid, which appears twice in DBH. The results suggest that the amino acids with a high Markov transition probability may serve as the potential targets of new drugs, because they are unlikely to change into other amino acids. Molecular Psychiatry (2000) 5, 448-451.
Human dopamine ␤-hydroxylase (DBH, EC 1.14.17.1) is the enzyme catalysing the conversion of dopamine into noradrenaline, and its activity has been found to be altered in schizophrenia. [1] [2] [3] [4] Further analysis of human DBH primary structure is important for understanding of its activity and its role in schizophrenia. The human DBH is composed of 603 amino acids. 5, 6 Any two amino acids in order can construct a twoamino-acid sequence, thus a total of 602 two-aminoacid sequences can be constructed, ie the first and second, the second and third, the third and fourth, etc. Furthermore, any three amino acids in order can also construct a three-amino-acid sequence, thus a total of 601 three-amino-acid sequences can be constructed, ie the first, second and third; the second, third and fourth; etc. Still, a total of 600 sequences can be constructed for four amino-acid sequences, and a total of 599 sequences can be constructed for five amino-acid sequences. The aim of such a study of amino-acid sequences is to view amino-acid sequences as possible 'words' in an unknown 'language' in an abstract sense and to determine: (i) whether an amino acid 'word' can be constructed by three amino acids as a DNA message constructed by three elements. At this stage an amino acid 'word' can be considered to be constructed by any sequence of amino acids; and (ii) whether there are 'punctuation' and 'space' sequences in an amino acid sequence of a protein. We do not know where an amino acid 'word' begins and finishes, consequently an amino acid 'word' can begin and finish anywhere.
Two amino acids in a two-amino-acid sequence can be constructed from any one of 20 amino acids, thus there are 400 (20 2 ) possible two-amino-acid sequences. Any two-amino-acid sequence in human DBH should be one of these 400 possible sequences and any twoamino-acid sequence which does not appear in human DBH should also be one of these 400 possible sequences. If each two-amino-acid sequence had the same probability to construct the human DBH, one would expect each two-amino-acid sequence to appear about 1.505 times (602/400). Similarly, three amino acids in a three-amino-acid sequence can be constructed from any one of 20 amino acids, thus there are 8000 (20 3 ) possible three-amino-acid sequences. If each three-amino-acid had the same probability to construct the human DBH, one would expect each three-aminoacid sequence to appear about 0.075 times (601/8000). Moreover, there are 160 000 (20 4 ) possible four-aminoacid sequences and 3 200 000 (20 5 ) possible fiveamino-acid sequences. Not surprisingly, some kinds of sequences may not appear at all in human DBH, not only because the human DBH does not have such a long amino acid structure to hold all possible combinations, but also more importantly because the evolution process determines the preference of some particular amino-acid sequences, some of which would appear more frequently.
In a two-amino-acid sequence, the issue of which amino acid is more likely to follow a preceding amino acid is also interesting. In an ideally random situation, each amino acid could be possible, thus the probability to follow a preceding amino acid is 1/20. There are 39 alanines (A) in human DBH, an 'A' would have a probability of 0.065 (39/602) to follow a preceding amino acid, for example, a glutamine (Q). This probability is true in the real situation, therefore the fact that an 'A' follows a preceding 'Q' can be explained by a purely random mechanism. Similarly, an 'A' would have 0.063 (38/602) to follow a preceding 'A' according to a purely random mechanism, but an 'A' has the probability of 0.077 to follow a preceding 'A' in the real situation. This real probability is what the Markov chain calculates (the first order Markov chain transition probability). This issue is also important for the understanding of DBH structure and activity.
One hundred and seventeen of 400 (29.250%) possible two-amino-acid sequences do not exist. It means that these 117 kinds of sequences are not needed for the DBH function. As 117 kinds of two-amino-acid sequences do not exist, some two-amino-acid sequences appear more than once in the remaining 283 kinds of two-amino-acid sequences. These repeated sequences would not be considered to occur by chance. Due to the limitation of space, Table 1 shows the appeared-more-than-three-times two-amino-acid sequences; when a sequence of two-amino acids appears more than three times, its probability of appearance is larger than 0.005 (4/602). The first order Markov chain transition probability is the conditional probability that the second amino acid occurs in a twoamino-acid sequence, given the occurrence of the first amino acid, ie P(second amino acid͉first amino acid). As two-letter words in English language, how large is the probability that the letter 'e' appears given the first letter is 'w'. The first order Markov transition probability for the second amino acid in the two-amino-acid sequence, given a certain kind of the first amino acid is shown in parentheses in Table 1 . For example, if the first amino acid in a two-amino-acid sequence is 'A', then the probability that the second amino acid is 'G' is 0.128. Of 602 measured first order Markov transition probabilities for the second amino acid in two-aminoacid sequences, 2 (0.332%) predicted conditional probabilities (QA and PR) match the measured first order Markov transition probabilities and therefore can be explained by a purely random mechanism.
Seven thousand four hundred and thirty-five of 8000 (92.938%) possible three-amino-acid sequences do not exist in human DBH; of course these sequences are not needed for the human DBH function. Among the remaining 565 kinds of sequences, some sequences appear more than once (Table 2) , which should not be attributed to chance. It can be seen that the sequences of 'QLL' and 'LEE' are the three-amino-acid sequences A, alanine; R, arginine; N, asparagine; D, aspartic acid; C, cysteine; E, glutamic acid; Q, glutamine; G, glycine; H, histidine; I, isoleucine; L, leucine; K, lysine; M, methionine; F, phenylalanine; P, proline; S, serine; T, threonine; W, tryptophan; Y, tyrosine; V, valine. The arrangement of sequences in Tables is according to the order of amino acids listed above.
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that appear most frequently; each appears three times in the human DBH with a probability of 0.005 (3/601). The transition probability is the conditional probability that the third amino acid occurs in a threeamino-acid sequence given the occurrence of the first two amino acids, ie P(third amino acid͉first and second amino acids). The second order Markov chain transition probability for the third amino acid in threeamino-acid sequences is shown in parentheses in Table  2 . It can be seen that no other 19 amino acids but the amino acid 'P' can certainly appear when the first two amino acids are 'LD', for example. Similar cases can be seen in 'PRE', 'PNI', 'PHF' and 'SLE'. No predicted conditional probability matches the measured second order Markov transition probability. Five hundred and ninety-seven of 160 000 (0.373%) possible four amino-acid sequences exist in human DBH; the number of 597 is near to 600 sequences which four-amino-acid sequence can construct (see Introduction). This means that the repetition of fouramino-acid sequences is very rare. The other possible kinds of four amino-acid sequences are naturally not needed. There are only three sequences appearing twice in human DBH, ie 'GILE', 'ILEE' and 'LEEP', with the same appearance probability of 0.003 (2/600). The third order Markov transition probabilities for 'GILE', 'ILEE' and 'LEEP' given the occurrence of the first three amino acids are 1.000, 1.000, and 0.667, respectively. It is unlikely that the repetition of 'GILE', 'ILEE' and 'LEEP' occurs by chance, because such a probability is extremely low, ie 1/160 000. These sequences should play a very important role in the human DBH function.
Five hundred and ninety-eight of 3 200 000 (0.019%) possible five-amino-acid sequences exist in human DBH; the number of 598 is only one less than 599 sequences which five-amino-acid sequence can construct (see Introduction). This means only one repetition of five-amino-acid sequences and suggests that the other possible types of five-amino-acid sequences are not needed for DBH function. The repeated sequence is 'GILEE'. 'GILEE' is in fact constructed by 'GILE' and 'ILEE' and 'LEEP' is also involved. The appearance probability of 'GILEE' is 0.003 (2/599) and its fourth order Markov transition probability for 'GILEE' given the occurrence of the first four amino acids is 1.000. The repetition of 'GILEE' is also impossible, because of extremely low probability (1/3 200 000). The two sequences of 'GILEE' are located from 157 to 161, and from 468 to 472 in human DBH. These two regions are somewhat near to the two potential glycosylation sites (170 'N' and 552 'N') in human DBH.
The results show that the Markov transition probability increases from two-amino-acid sequences to five-amino-acid sequences, therefore the random chance for an amino acid to follow an arbitrary amino acid decreases as the length of amino-acid sequence increases. Following this observation, it is likely that a mutation is unlikely to occur at the amino acid with a high Markov transition probability. Therefore, the amino acids with a high Markov transition probability may serve as the potential targets of new drugs, because they are unlikely to change into other amino acids.
At this stage, it is still difficult to establish the definitive relationship between the DBH primary structure and a possible functional role in schizophrenia, nevertheless, more efforts are needed to use more sophisticated models to assess this relationship in future.
Methods
The Markov chain is to calculate the transition probability from one state to another state. For example, the first order Markov chain deals with the transition from the first state to the second state. In the case of a twoamino-acid sequence, the second amino acid in a twoamino-acid sequence is unlikely to be any amino acid chosen randomly, but likely to be an amino acid in some subset of 20 kinds of amino acids. This constructs a conditional probability, ie which kind of amino acid is most likely to be the second amino acid in a twoamino-acid sequence given the first amino acid is a certain kind. If a three-amino-acid sequence is considered, the second order Markov chain can be defined, ie which kind of amino acid is most likely to be the third amino acid in a three-amino-acid sequence given the first two amino acid are certain kinds, and so on. [7] [8] [9] [10] In order to compare the predicted conditional probability with the measured Markov transition probability, the predicted conditional probability for an amino acid to follow a preceding amino acid is calculated according to the random mechanism as stated in the Introduction. For example, there are 39 alanines and 28 arginines in human DBH. The predicted conditional probabilities for 'AA' and 'RA' are 38/602 and 39/602 for the second amino acid of 'A' in two-aminoacid sequences to follow an 'A' and a 'R'; the predicted conditional probabilities for 'AR' and 'RR' are 28/602 and 27/602 for the second amino acid of 'R' to follow an 'A' and a 'R'. The predicted conditional probability of the third amino acid of 'A' in a three-amino-acid sequence to follow 'AA' is 37/601, for example. The numbers of predicted conditional probabilities are identical to the numbers of possible two-, three-, fourand five-amino-acid sequences, ie 400 (20 2 ) for twoamino-acid sequences.
